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I. Background  
Dopamine signaling has been shown to stabilize nascent memory traces, a role that is 
conserved across animal phyla ranging from arthropoda to chordata. Studies using 
olfactory memory of Drosophila melanogaster particularly provide solid evidence 
regarding how dopaminergic modulation stabilizes memory. For example, a specific pair 
of the dopamine neurons (DANs) is shown to be engaged in the consolidation of 
sugar-rewarded long-term memory (LTM) with activity oscillation. Notably, these 
DANs innervate a neural structure called the mushroom body (MB). MB intrinsic 
neurons, kenyon cells (KCs), express all four dopamine receptors: Dop1R1, Dop1R2, 
Dop2R and DopEcR. Nevertheless, how dopamine regulates intracellular signaling in 
KCs to stabilize memory remains sparsely understood (Fig. 1).  
Figure 1. Intracellular signaling in KCs to stabilize memory remains sparsely understood. 
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1. Associative olfactory learning and memory 
Differential olfactory learning is applied to study the memory behavior of fly. In this 
paradigm, two distinct odors (conditioned stimulus) are presented to flies, one is 
concurrently given together with sugar rewards (unconditioned stimulus), while the 
other odor is not. Then a reciprocal training session is performed to eliminate the effect 
aroused by odor preference bias. Afterwards, at the certain time retention, flies are 
forced to make a choice between the previously exposed odors, where we test their 
memories (Fig. 2). 
 
 
Figure 2. Schematics of the training paradigm (A) and its corresponding imaginary 




1. Dopamine receptors in the MB are differently engaged in short- and long- term 
appetitive memory 
To examine the role of the dopamine receptors for appetitive memory retention, we 
systematically characterized the requirement of them from 5-min memory (short term 
memory) to 24-hr memory (LTM). To this end, we knocked down each of them in KCs 
by transgenic RNAi. The transgenic RNAi effectively reduced the level of Dop1R2 (Fig. 
3A), Dop1R1 and Dop2R (data not shown) in the MB, visualized by the endogenous 
receptors tagged with the Venus yellow fluorescent protein. The behavior results suggest 
distinct roles of dopamine receptors: Dop1R1 and Dop1R2 (Fig. 3B) for mediating 
dopaminergic appetitive reinforcement and stabilizing memory, respectively. 
Figure 3. Dop1R2 expression is effectively attenuated (A), which lead to the long-term memory 
deficit (B). 
 
2. The Raf/MAPK pathway stabilizes appetitive memory in KCs 
We investigate the role of Raf/MAPK pathway as a potential candidate of dopamine 
receptor dwonstream effector. To address the role of Raf in adult but not in developing 
KCs, we utilized the RU486-inducible transgenic expression in the MB (MBSW-GAL4) 
to restrict the Raf knockdown spatially and temporally. We found the adult-specific Raf 
attenuation impaired 24-hr memory (Fig. 4B), in contrast to the intact STM (Fig. 4A) or 
LTM in the control group without RU486 application (Fig. 4C). To confirm the 
effectiveness of the knockdown using MBSW-GAL4/UAS-Raf.RNAi, we utilized the 
Raf-Venus flies, and managed to verify the knockdown effect by RU486 administration 
(Fig. 4D).  
Similarly, we proved that MAPK is also selectively required for LTM (data not 
shown). 
 
Figure 4. Raf in the KCs is specifically required for appetitive long term memory. 
 
 
3. Associative learning activates MAPK in KCs in a Dop1R2-dependent manner 
In order to monitor learning-dependent MAPK activation in KCs, we next performed 
immunohistochemistry of pMAPK. The presentation of unconditioned stimuli may also 
activate MAPK, so here we introduced another control group, unpaired presentation of 
odors and sucrose (often referred as unpaired conditioning), in contrast with associative 
conditioning. 
By counting the number of pMAPK positive KCs, we found that the paired 
presentation of sugar reward and an odor induces MAPK phosphorylation in KCs, 
comparing to the unpaired group (Fig. 5A). Strikingly, associative training failed to 
induce MAPK phosphorylation in KCs where Dop1R2 expression is downregulated (Fig. 
5B). These results revealed that the association of sugar reward and an odor activates 















Figure 5. Associative learning induces Dop1R2-dependent MAPK phosphorylation in KCs. 
 
 
4. Dop1R2 and Raf interact during LTM procession 
If the Raf/MAPK pathway is the intracellular target of Dop1R2 signaling for appetitive 
LTM, activation of Raf could surrogate Dop1R2 signaling. We introduced a truncated 
form of Raf lacking the regulatory domain, gain-of-function Raf (Raf.GOF; Brand and 
Perrimon, 1994), for Raf overactivation, and expressed Raf.GOF together with 
Dop1R2-knockdown inside the KCs. Surprisingly, the 24-hr memory deficit in Dop1R2 
knockdown flies was rescued by overexpressing Raf.GOF (Fig. 6, MBSW-GAL4, 
UAS-Raf.GOF/UAS-Dop1R2.RNA). In contrast, the impairment due to the Dop1R1 
knockdown was not rescued by Raf.GOF expression (Fig. 6, MBSW-GAL4, 
UAS-Raf.GOF/UAS-Dop1R1.RNA). Taken together, these observations reveal that 
Raf/MAPK is a pivotal downstream effector of Dop1R2, but not Dop1R1, during 
appetitive memory stabilization.   
 




Our study supports the idea that Dop1R2 signaling through the Raf/MAPK pathway in 
KCs is critical in stabilizing appetitive memory (Fig. 7). This could be achieved through 
acquisition or consolidation of appetitive LTM. Nevertheless, there are still some 
puzzles remain to be tackled, here listed the potential perspectives that may shed light 
on the future work. 
 




















Dop1R2 という受容体が記憶の固定化に重要な働きをすることが判明した。さらに Dop1R2 は
Mitogen-activated Protein Kinase (MAPK)の学習依存的な活性化に必須であり、MAPK の活性化
によって記憶が固定化することを見出した。MAPK は細胞骨格制御因子や転写・翻訳因子のリン酸
化を介して細胞の形態や遺伝子発現を調節することが知られており、今回の発見はドーパミンシグ
ナルが記憶を固定化する重要な分子メカニズムの一端を明らかにしたといえる。 
論文審査・最終審査に際しては、関連分野の先行研究と絡めた考察・知見が不足しており、分野
外の研究者には重要性が伝わりづらかったとの指摘も受けたが、研究の完成度・一貫性・技術的な
側面についての評価は非常に高かった。 
以上をまとめると、孫歓氏は自立して研究活動を行うに必要な高度の研究能力と学識を有するこ
とを示しており、最終試験も全員一致で合格とした。したがって、孫歓氏提出の論文は、博士（生
命科学）の博士論文として合格と認める。 
